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Abstract We aimed to investigate whether aging in-
creases the susceptibility of hepatic and renal inflamma-
tion or fibrosis in response to high-fat diet (HFD) and
explore the underlying genetic alterations. Middle
(10 months old) and old (20 months old) aged, male
C57BL/6N mice were fed either a low-fat diet (4 % fat)
or HFD (60 % fat) for 4 months. Young (3 months old)

aged mice were included as control group. HFD-
induced liver and kidney injuries were analyzed by
serum and urine assay, histologic staining, immunohis-
tochemistry, and reverse-transcription real-time quanti-
tative polymerase chain reaction. Total RNA sequencing
with next-generation technology was done with RNA
extracted from liver tissues. With HFD feeding, aged
was associated with higher serum alanine aminotrans-
ferase levels, marked infiltration of hepatic macro-
phages, and increased expression of inflammatory cyto-
kines (MCP1, TNF-α, IL-1β, IL-6, IL-12, IL-17A).
Importantly, aged mice showed more advanced hepatic
fibrosis and increased expression of fibrogenic markers
(Col-I-α1, αSMA, TGF-β1, TGF-β2, TGFβRII,
PDGF, PDGFRβII, TIMP1) in response to HFD. Aged
mice fed on HFD also showed increased oxidative stress
and TLR4 expression. In the total RNA seq and gene
ontology analysis of liver, old-aged HFD group showed
significant up-regulation of genes linked to innate im-
mune response, immune response, defense response,
inflammatory response compared to middle-aged HFD
group. Meanwhile, aging and HFD feeding showed
significant increase in glomerular size and mesangial
area, higher urine albumin/creatinine ratio, and ad-
vanced renal inflammation or fibrosis. However, the
difference of HFD-induced renal injury between old-
aged group and middle-aged group was not significant.
The susceptibility of hepatic fibrosis as well as hepatic
inflammation in response to HFD was significantly
increased with aging. In addition, aging was associated
with glomerular alterations and increased renal inflam-
mation or fibrosis, while the differential effect of aging

AGE (2016) 38:291–302
DOI 10.1007/s11357-016-9938-6

Electronic supplementary material The online version of this
article (doi:10.1007/s11357-016-9938-6) contains supplementary
material, which is available to authorized users.

I. H. Kim : J. Xu :X. Liu :Y. Koyama :H.<Y. Ma :
K. Diggle :K. Sharma :D. A. Brenner : T. Kisseleva (*)
Department of Medicine, School of Medicine, University of
California, 9500 Gilman Drive # 0702, La Jolla, San Diego, CA
92093, USA
e-mail: tkisseleva@ucsd.edu

I. H. Kim
Department of Internal Medicine, Chonbuk National University
Medical School and Hospital, Jeonju, South Korea

Y.<H. You
Center for Renal Translational Medicine, Division of
Nephrology-Hypertension, University of California, La Jolla, San
Diego, CA, USA

J. M. Schilling
Department of Anesthesiology, University of California, La Jolla,
San Diego, CA, USA

D. Jeste
Departments of Psychiatry and Neurosciences, and the Sam and
Rose Stein Institute for Research on Aging, University of
California, La Jolla, San Diego, CA, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-016-9938-6&domain=pdf
http://dx.doi.org/10.1007/s11357-016-9938-6


on HFD-induced renal injury was not remarkable as
shown in the liver.

Keywords Aging . High-fat diet . Liver . Fibrosis

Introduction

The remarkable improvement in human lifespan over
past century has led to a dramatic increase in the elderly
population in the world. According to the report by
World Health Organization, the number of people aged
65 or older is projected to grow from an estimated 524
million in 2010 to nearly 1.5 billion in 2050
(Organization WH 2011). A person gradually loses the
ability to maintain homeostasis with aging and subse-
quently becomes vulnerable to external stress or damage
(López-Otín et al. 2013). Indeed, aging has been con-
sidered as a major risk factor for most chronic diseases.
Currently, non-communicable diseases including ische-
mic heart disease, cerebrovascular disease, chronic ob-
structive disability, cancer, and diabetes commonly af-
fect the elderly people and impose great burden on
global health (Organization WH 2011).

Aging predisposes to structural and functional im-
pairment of liver as well as various changes in liver cells
which is associated with increased risk of hepatic injury
(Schmucker 2005; Hohn & Grune 2013). Aging is also
associated with increased lipid accumulation in non-
adipose tissues, including the liver. Previous studies
reported that aging increases the prevalence rates of
the metabolic syndrome and non-alcoholic fatty liver
disease (NAFLD) in human (Park et al. 2006;
Amarapurkar et al. 2007). Generally, the prevalence rate
of the NAFLD among adults is estimated at 15–30 %,
whereas overall prevalence rate of NAFLD among el-
derly people aged more than 65 years was 35.1 %
(Amarapurkar et al. 2007; Chalasani et al. 2012;
Koehler et al. 2012). Also, as the population ages, the
prevalence rate of non-alcoholic steatohepatitis or fibro-
sis also tends to increase (Frith et al. 2009; Noureddin
et al. 2013). However, there was limited data about the
differential effect of high-fat diet (HFD) feeding on the
progression of NAFLD according to aging and under-
lying biological or genetic mechanisms are not well
understood. Aging is also associated with progressive
decrease of renal function as well as glomerular, vascu-
lar, and parenchymal changes (Choudhury& Levi 2011;
Bolignano et al. 2014). In addition, HFD feeding in

mice has been known to induce characteristics of meta-
bolic syndrome including obesity, hyperglycemia,
hyperinsulinemia, dyslipidemia, and hypertension.
These systemic changes combined with local alterations
in the kidney with aging are considered to further in-
crease the risk of development or progression of chronic
kidney disease (Deji et al. 2009). However, the effect of
aging on HFD-induced renal injury has not been
determined.

In this study, we investigated whether aging increases
the susceptibility of hepatic and renal inflammation or
fibrosis in response to HFD feeding and explored the
underlying hepatic alterations of gene expression using
next-generation total RNA sequencing technology.

Materials and methods

Animals and HFD-induced liver and kidney injury
model

Male C57BL/6N mice, young (3 months old, n=9)
mice purchased from Charles River Laboratories (Wil-
mington, MA) and middle-aged (10 months old, n=14)
mice and old-aged (20 months old, n=14) mice from
the US National Institute on Aging stock located in
Charles River Laboratories were used in this experi-
ment. Mice were maintained under 12-h light/dark cy-
cles with unlimited access to food and water. Middle-
aged and old-aged mice were fed either a low-fat diet
(LFD; 4 % of total calories supplied by fat, Teklad 4 %
fat mouse diet, Harlan Laboratories Inc., Madison, WI)
or a HFD (60 % fat, Teklad research diet TD. 06414,
Harlan Laboratories Inc., Madison, WI). Young mice
were included as a control group without HFD
feeding (Supplemental Fig. 1). Therefore, mice were
divided into five groups as follows: young control group
(Ycon), middle-aged LFD group (Mlfd), old-aged LFD
group (Olfd), middle-aged HFD group (Mhfd), and old-
aged HFD group (Ohfd). Mice were sacrificed after
feeding LFD or HFD for 4 months and blood and urine
samples were collected. Serum levels of alanine amino-
transferase (ALT) were measured using a commercial
kit (Thermo Fisher Scientific Inc., Middletown, VA).
The urine albumin and creatinine were measured with a
mouse Albuwell ELISA kit and a Creatinine Compan-
ion kit (Exocell, Philadelphia, PA) according to the
manufacturer’s protocol and expressed as urinary albu-
min creatinine ratio (UACR). All animal experiments
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were in accordance with the Principles of Laboratory
Animal Care (National Institutes of Health publication
No. 86-23, revised 1985) and approved by the Univer-
sity of California, San Diego Animal Care Committee.

Histologic analysis and immunohistochemistry

Liver and kidney were harvested, fixed with 10 % buff-
ered formalin, embedded in paraffin, and cut into 5-μm-
thick sections. For frozen sections, tissues were fixed
with 4% buffered formalin and embedded in Tissue-Tek
O.C.T. compound (Sakura Finetek Inc., Torrence, CA).
All liver specimens were stained with hematoxylin and
eosin (H&E) and examined in a blinded fashion by a
single pathologist. The hepatic steatosis on H&E stain
was calculated in 5 random low-power views on each
slide using Image J Software (National Institutes of
Health, Bethesda, MD). Routine Sirius red staining
was performed to visualize collagen deposition in liver
and kidney tissues. Hepatic and renal fibrosis was
assessed by way of morphometric analysis of the Sirius
red-positive staining using Image J software. For kidney
tissues, periodic acid Schiff (PAS) staining was per-
formed to evaluate structural changes of kidney. To
evaluate the glomerular size and mesangial matrix area,
15 randomly selected glomeruli were analyzed using i-
solution software (Advanced Imaging Concepts,
Princeton, NJ). Immunohistochemistry was performed
on paraffin sections with anti-alpha smooth muscle actin
(anti-αSMA) (Abcam, San Francisco, CA), anti-desmin
(Thermo Fisher Scientific Inc., Waltham, MA), anti-F4/
80 (eBioscience, San Diego, CA), and anti-Ly6G
(eBioscience, San Diego, CA) antibodies using MOM
kit (Vector Laboratories, Burlingame, CA) following by
3,3′-diaminobenzidine tetrahydrochloride staining (Vec-
tor Laboratories, Burlingame, CA) and counterstaining
with hematoxylin. Immunofluorescent staining was per-
formed on frozen sections with anti-4-hydroxy-2-
nonenal (anti-4-HNE) (Alpha Diagnostic Intl Inc., San
Antonio, TX) antibody.

RNA extraction and real-time quantitative polymerase
chain reaction

Liver and kidney tissues were collected into cryo vials
which were immediately put into liquid nitrogen and
then stored at −80 °C for later RNA extraction. Tissues
were homogenized using a homogenizer, and total RNA
was isolated from homogenized tissue with RNeasy

Mini Kit (QIAGEN, Valencia, CA) according to the
protocol provided by manufacturer. Reverse transcrip-
tion was performed with 1 μg of RNA in an Eppendorf
Mastercycler (Hamburg, Germany) using a high-
capacity complementary DNA reverse-transcription kit
(ABI, Foster City, CA). Annealing of primers was per-
formed at 25 °C for 10 min, followed by elongation at
37 °C for 2 h and inactivation of the enzyme at 85 °C for
5 min. Polymerase chain reaction (PCR) for F4/80,
tumor necrosis factor alpha (TNF-α), monocyte
chemoattractant protein (MCP)-1, interleukin (IL)-
1β, IL-6, IL-10, IL-12, IL-13, IL-17A, IL-17A re-
ceptor (IL-17AR), IL-22, IL-25, IL-27, CD3, CD19,
collagen type I alpha1 (Col-I-α1), collagen type IV
(Col-IV), desmin, alpha smooth muscle actin
(αSMA), transforming growth factor (TGF)-β1,
TGF-β2, TGFβ receptor-II (TGFβRII), platelet-
derived growth factor (PDGF), PDGF receptor β-II
(PDGFRβII), tissue inhibitor metalloproteinase
(TIMP) 1, matrix metalloproteinase (MMP)-2,
MMP-9, nicotinamide adenine dinucleotide phos-
phate oxidases (NOX) 1, NOX2, NOX4, P22Phox,
P67Phox, toll-like receptor (TLR) 4, bambi, p53,
p21, p16 was performed in duplicate in a 7500 Fast
Real-Time PCR System (Applied Biosystems). The
sequences for primers were mainly from PrimerBank
(http://pga.mgh.harvard.edu/primerbank) and appear
in Supplement Table 1. Primers to these genes were
purchased from Integrated DNA Technologies (San
Diego, CA). Real-time quantitative PCR was per-
formed using Fast SYBR® Green (Applied
Biosystems). The cycling parameters were denatur-
ation at 95 °C for 30 s and extension at 60 °C for
1 min (for 40 cycles). All samples were normalized
to hypoxanthine-guanine phosphoribosyl transferase
(HPRT), which served as an endogenous control.
Values were expressed as fold induction in compar-
ison with young age controls.

RNA-Seq analysis

Strand-specific mRNA-sequencing libraries (polyA+)
were generated and barcoded using Illumina’s TruSeq
stranded mRNA library prep kits. Each RNA-Seq li-
brary was sequenced on an Illumina HiSeq2500 to a
depth of approximately 25 million reads. Sequenc-
ing reads were aligned to the mouse genome (NCBI
MGSCv37, mm9) using “Spliced Transcript Align-
ment to a Reference” (STAR), using only uniquely
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alignable reads for downstream analysis (Dobin
et al. 2013). Gene expression levels of reference
sequence transcripts and normalized genome brows-
er visualization files were created using HOMER
(Heinz et al. 2010). Differentially expressed genes, in-
cluding false discovery rate calculations, were performed
using software package empirical analysis of digital gene
expression in R (edgeR) (Robinson et al. 2010). Gene
ontology analysis and clustering were performed using
HOMER and Cluster3.0/Java Tree View, respectively.

Statistical analysis

Results were expressed as mean±standard error of the
mean from at least 3 independent experiments. Data be-
tween groups were analyzed by a 2-tailed t test using
Excel. A P value of less than .05 was considered statisti-
cally significant.

Results

Hepatic steatosis and inflammation with aging and HFD
feeding

Old-aged mice had much more of hepatic lipid
droplets compared to young age control mice in

the H&E stain of liver sections (Fig. 1a, b). Com-
pared to LFD groups, both middle-aged and old-
aged HFD groups showed markedly increased he-
patic steatosis, but the difference between two aged
groups was not significant (Fig. 1a, b). We analyzed
hepatic infiltration of inflammatory cells by immu-
nohistochemical staining with anti-F4/80 (marker for
macrophage) and anti-Ly6G (marker for neutrophil)
antibodies. Both F4/80 and Ly6G positive staining
ce l ls were s igni f ican t ly increased in HFD
groupscompared to LFD groups (Fig. 1a, b). Further-
more, compared to middle-aged HFD group, old-aged
HFD group showed significantly increased F4/80 posi-
tive cells, which means more increased infiltration of
liver macrophages (Fig. 1a, b). We also assessed the
effect of aging on hepatic necroinflammation by
serum ALT level. Serum ALT level was higher in
HFD groups compared to LFD groups and further
significantly higher in old-aged HFD group com-
pared to middle-aged HFD group (Fig. 1c).

We analyzed the expressions of mRNA levels
for inflammatory markers by real-time quantitative
PCR (Fig. 2). Both HFD groups showed more
increased expressions of F4/80 mRNA levels
than LFD groups, which was still more significant-
ly increased in old-aged HFD group compared
to middle-aged HFD group. Similarly, the
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Fig. 1 Hepatic steatosis and
inflammation with aging and
HFD feeding. a Representative
images of H&E stain (original
magnification ×100) and
immunohistochemical staining
for anti-F4/80 and anti-Ly6G
antibodies (×200). b Image
analysis for hepatic steatosis, anti-
F4/80- and anti-Ly6G-positive
cells. c Serum ALT levels. Ycon,
young control;Mlfd, middle-aged
low-fat diet; Olfd, old-aged low-
fat diet; Mhfd, middle-aged high-
fat diet; Ohfd, old-aged high-fat
diet. *P< 0.05
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expressions of hepatic pro-inflammatory cytokines
including MCP1, TNF-α, IL-1β, IL-6, IL-12, IL-
17A, IL-17AR, IL-23 were increased, but the ex-
pression of anti-inflammatory cytokine such as IL-
27 was decreased with aging or HFD feeding. The
expression of IL-10 was increased in the HFD
groups compared to LFD groups, further signifi-
cantly increased in the old-aged HFD group. In
addition, the expression of CD3, a marker for
lymphocytes, was also significantly increased in
both HFD groups with further increase in the
old-aged HFD group.

Advanced hepatic fibrosis with aging and HFD feeding

Sirius red staining of liver sections showed that
old-aged mice had significant hepatic fibrosis com-
pared to young control mice (Fig. 3a, b). Further-
more, compared to LFD groups, both HFD groups
showed significantly increased hepatic fibrosis
which was more advanced in old-aged HFD group

compared to middle-aged HFD group (Fig. 3a, b).
We analyzed the infiltration of hepatic stellate
cells (HSCs) by immunohistochemical staining
with anti-desmin and anti-αSMA antibodies.
Both desmin- and αSMA-positive staining cells
were markedly increased in HFD groups compared
to LFD groups. Interestingly, compared to middle-
aged HFD group, old-aged HFD group showed
more significantly increased αSMA-positive cells,
which means more increased levels of activated
HSCs (Fig. 3a, b).

We analyzed the expressions of mRNA levels
for hepatic fibrogenic markers by real-time quanti-
tative PCR (Fig. 4). Compared to LFD groups,
HFD groups showed increased expressions of
Col-I-α1 mRNA which was significantly higher
in the old-aged HFD group than middle-aged
HFD group. The expressions of other hepatic
fibrogenic markers such as αSMA, TGF-β1,
TGF-β2, TGFβRII, PDGF, PDGFRβII, TIMP1
were increased in the HFD groups compared to
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LFD groups and further significantly higher in the
old-aged HFD group than middle-aged HFD
group. The expression of MMP2, MMP9, and
elastin mRNAs was also increased in the old-
aged HFD group, but statistically not significant.

Oxidative stress and mRNA expressions for ROS
production and TLR4 in liver

We further analyzed oxidative stress and the ex-
pression of ROS markers and TLR4 which were
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known to be involved in the progression of hepatic
fibrosis of NAFLD. Immunofluorescent staining
for 4-HNE showed significantly increased oxida-
tive stress in the HFD groups compared to LFD
groups and which were more marked in the old-
aged HFD group than middle-aged HFD group
(Fig. 5a). The hepatic expressions of ROS
production-related genes such as NOX1, NOX2,
NOX4, P22phox, P67phox were up-regulated in the
old-aged HFD group compared to middle-aged
HFD group (Fig. 5b). Furthermore, old-aged HFD
group showed significantly increased expression of
TLR4 w i t h d own - r e g u l a t i o n o f TGF -β
pseudoreceptor, Bambi compared to middle-aged
HFD group.

Genetic changes in liver with aging and HFD

We explored underlying changes of hepatic gene ex-
pression related to aging and HFD with total RNA-seq
analysis. When we analyzed total 23987 genes, com-
pared to middle-agedHFD group, old-agedHFD groups
showed 129 differentially expressed genes of which 72
genes were up-regulated and 57 genes were down-reg-
ulated. This set of genes was enriched in GO biological
process annotations linked to innate immune response,
immune response, defense response, inflammatory re-
sponse, cell migration, cell adhesion, cardiovascular
system development, developmental process, vascular

development, blood vessel morphogenesis, angiogene-
sis, and endothelial cell differentiation (Fig. 6). Table 1
summarizes major canonical pathways and upstream
regulators which were strongly induced in old-aged
HFD group compared to middle-aged HFD group.

Renal injury with aging and HFD feeding

We also investigated the effect of aging on HFD-
induced renal injury. On PAS staining, the glomer-
ular size and mesangial matrix area were signifi-
cantly greater in old-aged mice than young or
middle-aged mice and also greater in HFD groups
than LFD groups (Fig. 7a, b). Furthermore, it was
significantly greater in old-aged HFD group com-
pared to middle-aged HFD group. Consistent to the
findings of glomerular changes, UACR were signif-
icantly increased with aging and further increased
on HFD feeding (Fig. 7c). Sirius red staining
showed significant increase of renal fibrosis with
aging (Fig. 7a, b). However, there was no signifi-
cant further increase of renal fibrosis with HFD
feeding among same aging groups. Similarly, in
the immunohistochemical staining for anti-αSMA
and anti-F4/80 antibodies, αSMA- and F4/80-
positive cells were markedly increased with aging,
but no significant further increase with HFD feed-
ing among same aging groups (Fig. 7a, b). The
expression fibrogenic genes such as Col-IV and
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and Bambi. a Representative
images of immunofluorescent
staining for anti-4-HNE antibody
(original magnification ×100). b
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positive area and real-time PCR
analysis for expression of ROS
production related genes, TLR4,
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fibronectin were up-regulated with aging, but no
significant change for TGF-β1, αSMA (Fig. 7d).

Discussion

Aging is often accompanied by abdominal obesity
and excessive visceral fat which causes insulin resis-
tance and metabolic syndromes (Barzilai et al. 2012).
Insulin is associated with increased secretion of free
fatty acids from lipolysis in fatty tissues, while the
synthesis of neutral fat is boosted in the liver by an
increased intake of free fatty acids and subsequently
results in accumulation of excessive fat in the liver. In
addition, the cellular and molecular hallmarks such as

genomic instability, telomere attrition, epigenetic al-
terations, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senes-
cence, stem cell exhaustion, and altered intercellular
communication are generally considered to contrib-
ute to the aging process (López-Otín et al. 2013).
Thus, these aging-related changes may affect the
phenotype of liver and kidney injury in response to
HFD. In this study, we showed that the susceptibility
of hepatic fibrosis as well as hepatic inflammation in
response to HFD was significantly increased with
aging. In addition, aging also contributed to glomer-
ular alterations and increased renal inflammation or
fibrosis, while the effect of aging on HFD-induced
renal injury was not remarkable.
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Although there has been limited data available re-
garding the differential effect of HFD feeding on the
progression of NAFLD and/or renal injury, a few papers
have been published on these topics recently (Sheedfar
et al. 2014; van der Heijden et al. 2015a). A recent study
reported that increased hepatic CD36 expression with
age is associated with enhanced hepatic fat uptake and
increased susceptibility to NAFLD (Sheedfar et al.
2014). Meanwhile, in another study, HFD-induced obe-
sity primes inflammation in adipose tissue prior to de-
velopment of hepatic inflammation (van der Heijden
et al. 2015a). Aging is associated with increased visceral
adiposity linked to adipose tissue inflammation and
systemic increase in pro-inflammatory cytokines. Thus,
we thought that this inflamm–aging may contribute to
enhanced hepatic inflammation in response to HFD
feeding. Our study demonstrated that aging is associated
with more marked hepatic infiltration of Kupffer cells
and increased expression of inflammatory cytokines in
response to HFD. Previous study reported that normal
aging increases intestinal permeability through remod-
eling of tight junction proteins (Tran & Greenwood-Van
Meerveld 2013). Old animals showed up-regulation of

the inflammatory cytokines IFN-γ, IL-6, and IL-1β in
colonic biopsies which activate both canonical and non-
canonical NF-kB pathways in intestinal epithelial cells.
These changes, in turn, lead to decreased expression of
the tight junction proteins such as zonula occludens-1,
occludin, and junctional adhesion molecule-A, but in-
creased expression of claudin-2 (Tran & Greenwood-
Van Meerveld 2013). Therefore, the increased intestinal
permeability with aging may enhance the activation of
Kupffer cells which contribute to increased expression
of inflammatory cytokines with HFD feeding in aged
mice. Indeed, our results showed that the expressions of
hepatic inflammatory cytokines such as TNF-α, IL-1β,
IL-6, and MCP1 were significantly increased in old-
aged HFD group compared to middle-aged HFD group.
In addition, the expression of IL-17Awas up-regulated
with aging and HFD feeding. IL-17A, mainly produced
by CD4+ Th17 cells, was recently known to stimulate
Kupffer cells and promote the progression of NAFLD
from steatosis to steatohepatitis (Kisseleva 2014).

It has been suggested that aging is associated with an
acceleration of the progression of hepatic fibrosis in-
duced by various etiologies, such as hepatitis C virus or
alcohol (Floreani 2007). Several studies investigated the
association of age-dependent liver injury and fibrosis
using a mouse model of chronic injury. Collins et al.
reported that old (18 months) mice had a significantly
greater fibrogenic response to carbon tetrachloride inju-
ry than middle-aged (9 months) mice (Collins et al.
2013). Another study also demonstrated higher suscep-
tibility to fibrosis with increasing age using carbon
tetrachloride injection model, in which macrophages
expressing Th2 cytokines is mainly involved
(Mahrouf-Yorgov et al. 2011). Recently, Fontana et al.
implicated that aging promotes the development of mu-
rine steatohepatitis in response to HFD feeding which
was underlined by increased pro-inflammatory reaction
with M1 macrophage polarization (Fontana et al. 2013).
Based on these findings, we supposed the increased
susceptibility of hepatic fibrosis with aging in the
HFD-induced liver injury. Indeed, our study demon-
strated that the susceptibilities of hepatic fibrosis as well
as hepatic inflammation in response to HFD were sig-
nificantly increased with aging. In the previous studies,
known molecular mechanisms for the accumulation of
excessive fat in the liver and damage to hepatic cells due
to aging include increased ROS formation, DNA dam-
age, activation of p300-C/EBP-dependent neutral fat
synthesis, telomere shortening, decreased autophagy,

Table 1 Differentially expressed hepatic genes from RNA-seq
analysis between Ohfd vs. Mhfd groups

Top canonical pathways

Name P value Overlap

Agranulocyte adhesion and
diapedesis

1.64E-06 7.4 % (14/
189)

Hepatic fibrosis/hepatic stellate
cell activation

1.44E-04 6.0 % (11/
183)

Granulocyte adhesion and
diapedesis

4.69E-04 5.6 %(10/
177)

Calcium signaling 4.90E-04 5.6 % (10/
178)

Mitotic roles of polo-like kinase 5.60E-04 9.1 % (6/66)

Top upstream regulators

Upstream regulator P value of
overlap

Predicted
activation

Lipopolysaccharide 4.18E-21 Activated

TNF 1.05E-18 Activated

Dextran sulfate 9.11E-17 Activated

PTGER2 1.02E-13 Activated

IL-6 1.83E-13 Activated

TNF tumor necrosis factor, PTGER2 prostaglandin E receptor 2,
IL-6 interleukin 6
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increased M1 macrophage inflammatory responses, ac-
tivation of NF-kB pathways, and hepatocyte senescence
(Sheedfar et al. 2013; Amir & Czaja 2011; Aravinthan
et al. 2013; Franceschi et al. 2000; Jin et al. 2013). In
this study, old-agedmice showed significantly increased
expression of TLR4 in response to HFD injury com-
pared to middle-aged mice. The intracellular signaling
of the TLR4 decreased the expression of the TGF-β
pseudoreceptor Bambi, which in turn will upregulate
TGF-β signaling, again leading to increased fibrosis
(Brenner et al. 2011). In addition, in this study, old-
aged mice showed significantly increased expression
of NOX genes compared to middle-aged mice. NOX
was known as a multicomponent enzyme complex that
generates ROS in response to injury, which leads to
hepatic fibrosis directly or stimulate further inflamma-
tion (Paik & Brenner 2011). In support, RNA-Seq anal-
ysis of the whole liver tissues revealed that canonical
pathways of agranulocyte adhesion and diapedesis, he-
patic fibrosis/hepatic stellate cell activation, granulocyte
adhesion and diapedesis, calcium signaling, and mitotic

roles of polo-like kinases were significantly changed in
the old-agedHFD group compared tomiddle-aged HFD
group.

In the previous reports, renal aging is accompaniedwith
glomerular, vascular, and parenchymal changes leading to
progressive decline in renal function (Choudhury & Levi
2011; Martin & Sheaff 2007; Wiggins 2012). A range of
factors has been proposed that could have a role in renal
aging. Clinical factors, including hypertension, diabetes
mellitus, obesity, abnormal lipid levels and vitamin defi-
ciency, as well as tissue factors such as increased activity of
the renin-angiotensin-aldosterone system, increased levels
of advanced glycation end products, oxidative stress, de-
creased nitric oxide, TGF-β, have been associated with
increasing renal aging (Choudhury & Levi 2011). In addi-
tion, HFD-induced obesemice showed pathophysiological
changes including albuminuria, increase in glomerular tuft
area, mesangial expansion, renal lipid accumulation, in-
creased collagen in glomeruli, increased macrophage infil-
tration in medulla, and impaired sodium handling (Deji
et al. 2009). Therefore, we could suppose that aging

A

*

Glomerular tuft 
area (μμm2)

*
*

*

*

Sirius red (%)

* * *
αSMA (%) F4/80 (%)

B Mesangial 
area (μm2)

*

*
* *

*
*

* *

**

*

UACR (mg/g)

*
*

C D

Ycon Mlfd Olfd Mhfd Ohfd

S
ir

iu
s 

re
d

S
M

A
P

A
S

F
4/

80

*

* *
*

*

*
* ***

**

*

*

Fig. 7 Glomerular changes and
renal fibrosis with aging and HFD
feeding. a Representative images
of PAS stain (original
magnification ×400), Sirius red
stain (×100), and
immunohistochemical staining
for anti-αSMA and anti-F4/80
antibodies (×200). b Image
analysis for glomerular tuft area,
mesangial area, Sirius red-
positive area, anti-αSMA- and
anti-F4/80-positive cells. c
Urinary albumin creatinine ratio
(UACR). d Expression of renal
fibrogenic genes analyzed by
real-time PCR. *P< 0.05
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combined with HFD feeding are considered to further
increase the risk of development or progression of renal
injury. Indeed, our study showed significant increase in
glomerular size, mesangial expansion, higher urine
albumin/creatinine ratio, and more advanced renal inflam-
mation or fibrosis with aging and HFD. However, the
differential effect of aging on HFD-induced renal injury
was not remarkable as shown in the liver. This might be
explained with higher susceptibility of liver to inflamma-
tory stimuli from increased intestinal permeability with
aging. Other factors such as genetic background of mice
and duration of HFD feeding also could be considered.
Further studies are required to explore any potential impact
of aging on HFD-induced renal injury. Consistent to our
results, a recent study also demonstrated a gradual age-
dependent occurrence of mild albuminuria, tubulo-
interstitial and glomerular sclerotic changes, and increased
expression of inflammatory mediators (van der Heijden
et al. 2015b). Furthermore, compared to LFD mice, HFD
mice developed severely aggravated structural and mor-
phological changes that showed features typical of amy-
loidosis (van der Heijden et al. 2015b).

In conclusion, the susceptibility of hepatic fibrosis as
well as hepatic inflammation in response to HFD was
significantly increased with aging. In addition, aging
also contributed to glomerular alterations and increased
renal inflammation or fibrosis, while the differential
effect of aging on HFD-induced renal injury was not
remarkable in this study. Proper lifestyle modifications
including LFD with high content in antioxidants might
represent the most plausible approach to maintain
healthy liver aging.
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